Abstract
Introduction

Cardiac development has traditionally focused on the autonomous genetic and molecular programs controlling the progressive morphogenesis of myocardial chambers (atria and ventricles). The understanding of the complex morphogenetic processes that transform the primary myocardial tube into the fully formed, fourchambered heart of the amniotes has required decades of profound studies. Moreover, the severity of cardiac congenital malformations due to the failure of these processes quite obviously supported the emphasis in the study of the cellular and molecular substrata of myocardial differentiation, growth and maturation. However, the discovery that the valvuloseptal tissue of the heart was an embryonic derivative of the endocardium immediately attracted the attention of the cardiac embryologists in the late 1970s. This finding highlighted, for the first time, the importance of non-muscular tissues during cardiac development, a concept that gained more and more attention with the first description of the participation of neural crest cells in cardiac outflow tract septation and the implication of (pro)epicardial cells in coronary development
.
The development of the epicardium has been neglected during decades. As [8] ). This coelomic origin of the heart made necessary a specific, new mechanism to externally protect the organ with an epithelial cover. We nevertheless think that the epicardium should not be regarded as a mere ad hoc structure 'invented' along the evolution of the chordate heart to supply additional coelomic cells to the myocardium. We have suggested elsewhere that the proepicardium is an evolutionary derivative of the ancestral external glomeruli of the pronephros, a structure that is still originating the embryonic epicardium in the lampreys, a group of phylogenetically primitive vertebrates [9] . External glomeruli filtering the blood towards the coelomic cavity were the ancient excretory structures of the vertebrates, and they are still present in lamprey and amphibian larvae. Along vertebrate evolution, these external glomeruli became associated with the system of collecting tubules draining the filtrate from the coelomic cavity to the outside, giving rise to the characteristic renal corpuscle of the kidneys. According to our hypothesis, the external glomeruli of the pronephros did not completely disappear when the glomeruli became internal. Instead, they gave rise to the proepicardium, which retained the embryonic function of supplying the heart with coelomic (epicardial) cells (Fig. 1A and B) .
The origin of the proepicardium from a primitive pronephric glomerulus accounts for two peculiarities of this tissue, i.e. the expression of genes critical to the development of the kidneys (Wt1, Pod1/epicardin, Tbx18, podoplanin) and the high vasculogenic potential of the EPDC. The primary fate of the cells of the glomerular primordium is essentially vasculogenic, a potential that is maintained by proepicardial cells. As a result of this event, the developing heart receives an abundant supply of vascular progenitors that will build a characteristic coronary vascular bed, a prerequisite to develop a thick cardiac wall. From the evolutionary point of view, this allowed a substantial increase in cardiac size and performance.
Going further in this evolutionary approach, we have also suggested that the primitive association of the vertebrate embryonic heart with a pronephric glomerulus can be related with the heart-kidney complex described in hemichordates [8, 9] . In these animals, an excretory glomerulus is closely associated to a 'heart' constituted of a myoepithelial cell layer. (Fig. 1B-D) , where it probably controls epicardial EMT, as we will discuss below [14] .
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(arrows). It is still possible to see some cells presumably released by the proepicardium and attached to the epicardium (arrowheads). In (D) we can see epicardially derived, intramyocardial coronary vessels by E15.5 (arrows). (E), (F) Early endothelial differentiation of EPDC in the atrioventricular groove of a Wt1 cre /Rosa26 mouse embryo. ␤-Gal co-localizes with the endothelial marker PECAM-1 (arrows). Epicardial cells are shown by arrowheads. (G) Contribution of coelomicderived cells to the liver sinusoids in a E10.5 mouse embryo. This is a different transgenic model expressing ␤-Gal under control of a Wt1 promoter (described in reference 37). Some presumptive endothelial cells are positive for this marker (arrows). (H), (I) Wt1 cre /Rosa26 embryos of E11.5. Colocalization of ␤-Gal with the endothelial marker PECAM-1 is observed in organs other than the heart, such as the intestine (H) or the lung (I). (J), (K) The endothelial differentiation of coelomic-derived cells is also shown by this experiment of staining of the visceral coelomic epithelium of quail embryos (stage HH15) with the fluorescent tracer CCFSE. After 24 (J) and 48 hrs (K), fluorescence can be observed in cells of the stomach wall that are positive for the endothelial marker QH1 (arrows). Note the presence of CCFSE-labelled cells that area apparently migrating within the tissue (arrowhead in J).
secretion and mitogenic autocrine signalling via FGFRs [20] . Related with this observation is the fact that epicardial ␤-catenin is required for coronary artery formation [21] . Other recently reported possibilities to explain this epicardial-myocardial signalling would be PDGFs [22] and sonic hedgehog [23] .
Anyhow, what seems to be well established is that the mitogenic signal(s) produced by the epicardium are dependent on erythropoietin (Epo) and retinoic acid (RA) receptor signalling [24, 25] . Epo and its receptor EpoR are expressed in the epicardium, and their deficiency leads to myocardial thinning [26] . Epo signalling is thus required for the production of the epicardial mitogenic signal [25] . On the other hand, in the absence of RA signalling, the myocardium differentiates prematurely and stops proliferation. RALDH2, the main RA producer enzyme in the mesodermal tissue, is highly expressed in the epicardium and EPDC. However, RA is not directly involved in an epicardial-to myocardial signalling mechanism, because it is probably acting on the epicardium itself in an autocrine fashion [17, 20, 27] . Deletion of the RXR␣ receptor in the myocardium or endocardium has no effect, whereas the loss of function of this receptor in the epicardium leads to thin myocardium. RA production by the epicardium could be related with FGF signalling because RA induces epicardial expression of FGF9 [17] and FGF2 [20] .
A [28] .
potentially interesting issue is the possibility that the signalling function of the embryonic epicardium on the myocardium can extend beyond foetal life. This is supported by the observation that myocardial cells cocultured with epicardial cells preserve better the differentiated phenotype, suggesting some kind of physiological epicardial-myocardial interaction in the adult heart
EPDC contribute to coronary vessels and cardiac connective tissue
As stated above, EPDC are mesenchymal cells that delaminate from the surface epicardium and populate the subepicardial matrix, first, and then invade the myocardial wall. These cells contribute to the vascular tissue of the heart, including the coronary endothelium, the smooth muscle media and the fibrous adventitia of at least a part of coronary blood vessels [2, 11, 12, 29, 30] To obtain the whole picture of these interactions will be a fascinating task for the near future, as it will be also exciting to appraise the clinical applications that can be derived from this knowledge.
